Abstract: For more than 15 years FerroAtlantica (now Ferroglobe) has been developing a method of silicon purification to obtain Upgraded Metallurgical Grade Silicon (UMG-Si) for PV solar application without blending. After many improvements and optimizations, the final process has clearly demonstrated its validity in terms of quality and costs. In this paper the authors present new results stemming from a first mass-production campaign and a detailed description of the purification process that results in the tested UMG-Si. The subsequent steps in the value chain for the wafer, cell and module manufacturing are also described. Two independent companies, among the Tier-1 solar cells producers, were selected for the industrial test, each using a different solar cell technology: Al-BSF and black silicon + PERC. Cells and modules were manufactured in conventional production lines and their performances compared to those obtained with standard polysilicon wafers produced in the same lines and periods. Thus, for Al-BSF technology, the average efficiency of solar cells obtained with UMG-Si was (18.4 ± 0.4)% compared to 18.49% obtained with polysilicon-made wafers. In the case of black silicon + PERC, the average efficiency obtained with UMG-Si was (20.1 ± 0.6)%, compared to 20.41% for polysilicon multicrystalline wafers.
Introduction
Photovoltaics has for long clearly demonstrated its ability to be a competitive source of electricity. Measured in terms of Levelized Cost of Electricity (LCOE), photovoltaic power plants appear far more competitive than either fossil or other renewable energies ( Figure 1) . To achieve this, many contributions have been necessary along the whole value chain combining cost reduction and increase of efficiency. Thanks to drastic cost reductions and massive capacity expansion over years, the silicon material which accounts for 20-24% of the PV module cost (in Figure 2 , sum of blue and green slices), contributes largely to keep crystalline silicon in the lead of PV technologies. The UMG-Si used in this test has incidence in the green slice (convers. Me-Si to Si-So) of Figure 2 .
After years of development, FerroGlobe has decided, under the name of FerroSolar OpCo, to move to industrial scale for producing UMG silicon (UMG-Si) for solar applications. A new factory is currently being built in Puertollano (Spain) with a capacity of 3000 t/year ( Figure 3 ). This factory will deploy a process concept developed through many years while adding new recent improvements that will help to further reduce the cost and improve the quality. The aim of this factory of moderate output After years of development, FerroGlobe has decided, under the name of FerroSolar OpCo, to move to industrial scale for producing UMG silicon (UMG-Si) for solar applications. A new factory is currently being built in Puertollano (Spain) with a capacity of 3000 t/year ( Figure 3 ). This factory will deploy a process concept developed through many years while adding new recent improvements that will help to further reduce the cost and improve the quality. The aim of this factory of moderate output capacity is to become the basic unit and platform to further grow up to the Gigawatt level, and further decrease the cost through economy of scale. After years of development, FerroGlobe has decided, under the name of FerroSolar OpCo, to move to industrial scale for producing UMG silicon (UMG-Si) for solar applications. A new factory is currently being built in Puertollano (Spain) with a capacity of 3000 t/year ( Figure 3 ). This factory will deploy a process concept developed through many years while adding new recent improvements that will help to further reduce the cost and improve the quality. The aim of this factory of moderate output capacity is to become the basic unit and platform to further grow up to the Gigawatt level, and further decrease the cost through economy of scale. Aurinka PV Group, the engineering team that has been developing the industrialization of the project, has created a simulation software specific for the purification process, that, together with the inputs of every single data from all the steps of the overall process, is able to provide the cash costs for different scenarios. In that way, the consumption of electricity, manpower, consumables, spare parts, etc., are considered. As it is a "real time" software, the lag of every single machine shows up as a natural consequence of the eventual lack of simulated resources (operators, forklifts, furnaces, etc.). Then the uptime is well calculated, and the optimal number of resources assessed to minimize the cash cost and maximize the productivity. By means of that software and the optimization of the process, the cash cost of a large-scale factory has been calculated to be below 7 $/kg, being price of electricity and manpower cost considered for Spanish location. Aurinka PV Group, the engineering team that has been developing the industrialization of the project, has created a simulation software specific for the purification process, that, together with the inputs of every single data from all the steps of the overall process, is able to provide the cash costs for different scenarios. In that way, the consumption of electricity, manpower, consumables, spare parts, etc., are considered. As it is a "real time" software, the lag of every single machine shows up as a natural consequence of the eventual lack of simulated resources (operators, forklifts, furnaces, etc.). Then the uptime is well calculated, and the optimal number of resources assessed to minimize the cash cost and maximize the productivity. By means of that software and the optimization of the process, the cash cost of a large-scale factory has been calculated to be below 7 $/kg, being price of electricity and manpower cost considered for Spanish location.
It is already well established that the UMG-Si produced by the mentioned process can be utilized 100% in the charge to multicrystalline ingots growth, without the need of mixing with polysilicon. Several tests have also been done in single crystal (monocrystalline) growing using 100% UMG-Si with good results. However, such tests have not been brought to mass production yet. UMG-Si, because of its low cost and physical characteristics, has the potential to keep multicrystalline in the competitive race with the other PV technologies including the most recently fast-growing single crystal and keep a notable share of the market.
To illustrate this competition between the two major crystalline silicon technologies, it will be explained, in the following discussion, recent technology developments and implementations which are contributing to their respective success:
• Diamond-Wire Saw (DWS), introduced to the market gradually during the past 5 years, is considered a disruptive wafer sawing technology due to its lower costs of ownership and the higher throughput (around 60 wafers per kg of certified silicon) compared to traditional Slurry Cut Wire Saw (SWS). Nevertheless, while those advantages have been applied effectively to monocrystalline ingots, the throughput for multicrystalline has been slightly less (around 55 wafers per kg) than in mono. Moreover, the multicrystalline technology has suffered from problems of texturization due to the soft wafer surface resulting from the DWS.
• PERC: The implementation of high efficiency cell architectures as Passivated Emitter and Rear Cell has also adversely affected the multicrystalline technology variant. Due to the optimization of surface passivation of the cells, the bulk lifetime, lower in multi than in mono, has become the limiting factor of cell efficiency.
• LeTID or CID: The Light at elevated Temperature Induced Degradation (LeTID) or the Current Induced Degradation (CID) has become a deleterious effect on multicrystalline PERC solar cells.
It results in a deep degradation of performance of the module once installed in real outdoor conditions [2] . Boron oxide complexes (B-O) or iron boron pairs (FeB) cannot be considered responsible for LeTID or CID, as they are for Light Induced Degradation (LID). It is currently as- It is already well established that the UMG-Si produced by the mentioned process can be utilized 100% in the charge to multicrystalline ingots growth, without the need of mixing with polysilicon. Several tests have also been done in single crystal (monocrystalline) growing using 100% UMG-Si with good results. However, such tests have not been brought to mass production yet. UMG-Si, because of its low cost and physical characteristics, has the potential to keep multicrystalline in the competitive race with the other PV technologies including the most recently fast-growing single crystal and keep a notable share of the market.
• LeTID or CID: The Light at elevated Temperature Induced Degradation (LeTID) or the Current Induced Degradation (CID) has become a deleterious effect on multicrystalline PERC solar cells. It results in a deep degradation of performance of the module once installed in real outdoor conditions [2] . Boron oxide complexes (B-O) or iron boron pairs (FeB) cannot be considered responsible for LeTID or CID, as they are for Light Induced Degradation (LID). It is currently assumed that hydrogen introduced for passivation plays an important role in this degradation [3] .
Nevertheless, several technology steps have recently proven to be effective countermeasures that minimize or even eliminate these adversely effects. Among those are extended phosphorus diffusion gettering (ePDG), black silicon (B-Si), mono-like crystallization and current induced recovery (CIR): • ePDG: Phosphorus diffusion gettering happens naturally during the emitter diffusion step of the conventional p-type cell process flow, improving the bulk minority carrier lifetime significantly. Since the 1970s, phosphorus doping is done at industrial level using POCl 3 thermal diffusion [4] . The main advantages of this technology are the low operational costs and the commercial readily availability of high-throughput equipment. Normally, phosphorus diffusion is carried out in two steps, first a phosphosilicate glass (PSG) layer is deposited on the surface of the wafer and afterwards the phosphorus is forced to move deeper in a drive-in step, which is carried out at a lower temperature and without the feeding of the phosphorus source. The impurity gettering happens in the phosphorus diffusion and other thermal steps of cell processing, such as passivation [5] , low thermal annealing (LTA) or contacts co-firing [6] . This phenomenon is responsible for the better bulk lifetime and emitter recombination properties of the processed material when compared to the as-grown material. Nevertheless, it is a complex phenomenon in which several competing mechanisms take place [7] , including internal impurities gettering (migration to grain boundaries, dislocation or precipitates), external impurities gettering (migration to the surface), defects reconfiguration or bulk passivation of defects or changes in the surface recombination velocity (by hydrogen for example, during SiNx layer formation). In the case of UMG-Si, and other solar grade materials obtained by metallurgical purification, the presence of impurities, especially iron, is higher than in a p-type multicrystalline silicon made from polysilicon. This element is mainly present in the form of interstitial iron and can be significantly reduced by the application of tailored process parameters [8, 9] , without increasing neither the overall cost nor the complexity of the operations. In our case an "extended" PDG (or ePDG) should be used, encompassing engineering intervention in all the thermal processes during solar cells production in addition to phosphorus diffusion. • B-Si: Black silicon is being introduced in a massive scale into production lines [10] . Due to the reduction of reflection, B-Si has been able to increase the absolute efficiency of multicrystalline solar cells up to 0.4 % abs [11] . Moreover, according to Pasanen et al. [12] , both PDG and B-Si techniques in combination, have additive and synergetic effects that potentiate each other, opening the possibility of using metallurgically refined silicon to high efficiency solar cells. The combination of B-Si and PDG together with the usage of high-quality silicon purified by metallurgical route, also known as upgraded metallurgical grade silicon (UMG-Si), can contribute to lower production cost of PV ($/kWp). Pasanen et al. have also published the positive impact of B-Si on solar cells in terms of Current Induced Degradation, which emphasizes even more the possibilities of UMG-Si [3] . Under an economical assessment, Modanese et al. [13] calculated a relative cost reduction of up to 11.7% for a multicrystalline B-Si + PERC solar cell compared with a monocrystalline PERC solar cell, being most of the reduction related to feedstock and ingot growing.
• LeTID recovery or current induced recovery (CIR): There are several techniques that can mitigate or even eliminate the LeTID or CID of the cells. Most of these consist in applying temperature, current or light [14] [15] [16] . In fact, CIR has been already tested industrially and implemented successfully in productions lines. This method accelerates the LeTID, that typically takes thousands of hours, and provokes the final recovery of the solar cells that would otherwise takes place naturally in the field only after several months.
• Mono-like: This silicon growth technology was already introduced in the industry in 2012 [17] with good results in terms of quality, but suffered of structure inhomogeneity along the ingot height. This, together with the cost of the seeds and the rapid and successful introduction of the high performance multicrystalline (HPM) growth technique, kept the mono-like (also called mono-cast) out of the business. Nevertheless, companies among the PV leaders are currently revisiting and adopting this technology [18] , indicating that the previous drawbacks can be overcome.
For all these reasons mentioned above, it is believed that the multicrystalline wafers can stand the boost of mono and keep a high market share in the future. That was one of the conclusions of the last EU PVSEC [19] . High quality UMG-Si can contribute to this, not only because of the lower production costs, but also because of lower energy budget (around 30 kWh/kg), lower specific Capex (15-30 $/kg, depending on the capacity) and lower carbon footprint.
In the next sections of this paper the process steps followed to accomplish the test will be explained in detail, starting from the MeG-Si production and finishing with the module production and characterization. This is the occasion to give a detailed description of the UMG-Si process as it is under construction at the Puertollano plant. The whole test, from silicon purification to module production, was inspected by TÜV Rheinland [20] (for more details see Results and Discussion below).
Materials and Methods

Carbo-Reduction to Obtain MeG-Si
The fabrication process for metallurgical silicon is the carbo-reduction of quartz by coal in a submerged electrode arc furnace according to the reaction:
The silicon production furnace is a crucible of about 10 m in diameter and 3 m deep lined with refractory material, powered by a three-phase electrode system. The furnace has many auxiliary facilities around as depicted in Figure 4 . For all these reasons mentioned above, it is believed that the multicrystalline wafers can stand the boost of mono and keep a high market share in the future. That was one of the conclusions of the last EU PVSEC [19] . High quality UMG-Si can contribute to this, not only because of the lower production costs, but also because of lower energy budget (around 30 kWh/kg), lower specific Capex (15-30 $/kg, depending on the capacity) and lower carbon footprint.
In the next sections of this paper the process steps followed to accomplish the test will be explained in detail, starting from the MeG-Si production and finishing with the module production and characterization. This is the occasion to give a detailed description of the UMG-Si process as it is under construction at the Puertollano plant. The whole test, from silicon purification to module production, was inspected by TÜ V Rheinland [20] (for more details see Results and Discussion below).
Materials and Methods
Carbo-Reduction to Obtain MeG-Si
The silicon production furnace is a crucible of about 10 m in diameter and 3 m deep lined with refractory material, powered by a three-phase electrode system. The furnace has many auxiliary facilities around as depicted in Figure 4 . In a continuous process, the furnace is loaded with raw materials and the resulting liquid metal is tapped continuously. Silicon's melting point is 1415 °C. The charge is heated up to a temperature around 2000 °C by means of three electrodes submerged in the raw material mixture ( Figure 5 ), providing three-phase current. At these temperatures the reduction of silica occurs, resulting in metal silicon. The molten silicon poured out from the reaction vessel is subsequently refined by slag treatment or gas purge. During the refining, oxide and carbide particles are removed, adjusting the metal composition. In a continuous process, the furnace is loaded with raw materials and the resulting liquid metal is tapped continuously. Silicon's melting point is 1415 • C. The charge is heated up to a temperature around 2000 • C by means of three electrodes submerged in the raw material mixture ( Figure 5 ), providing three-phase current. At these temperatures the reduction of silica occurs, resulting in metal silicon. The molten silicon poured out from the reaction vessel is subsequently refined by slag treatment or gas purge. During the refining, oxide and carbide particles are removed, adjusting the metal composition.
After refining, the melt is poured for solidification, cooled down, crushed and milled. The electrical power consumption is about 11-13 MWh per ton of silicon produced in state-of-the-art processes. Excess energy provided by the furnace and not consumed in reaction (1) (3-5 MWh/t of Energies 2019, 12, 1495 6 of 16 silicon) can be reclaimed in a heat recovery station or used to produce electricity in a cogeneration plant. The overall reaction as expressed in Equation (1) is, in fact, the summary of several steps [21] . When heating, volatiles from carbon are removed upwards and the quartz goes down with carbon into the oven. In the inner zone (zone 2, Figure 6 ). After refining, the melt is poured for solidification, cooled down, crushed and milled. The electrical power consumption is about 11-13 MWh per ton of silicon produced in state-of-the-art processes. Excess energy provided by the furnace and not consumed in reaction (1) (3-5 MWh/t of silicon) can be reclaimed in a heat recovery station or used to produce electricity in a cogeneration plant. The overall reaction as expressed in Equation (1) is, in fact, the summary of several steps [21] . When heating, volatiles from carbon are removed upwards and the quartz goes down with carbon into the oven. In the inner zone (zone 2, Figure 6 ). SiO is generated according to:
The generated gaseous and unstable (metastable) SiO rises to an intermediate height (zone 3) and reacts with more C to give SiC according to:
The SiC descends to the hot zone of the oven (zone 1; Figure 6 ) and with remaining quartz generates Si: treatment or gas purge. During the refining, oxide and carbide particles are removed, adjusting the metal composition. After refining, the melt is poured for solidification, cooled down, crushed and milled. The electrical power consumption is about 11-13 MWh per ton of silicon produced in state-of-the-art processes. Excess energy provided by the furnace and not consumed in reaction (1) (3-5 MWh/t of silicon) can be reclaimed in a heat recovery station or used to produce electricity in a cogeneration plant. The overall reaction as expressed in Equation (1) is, in fact, the summary of several steps [21] . When heating, volatiles from carbon are removed upwards and the quartz goes down with carbon into the oven. In the inner zone (zone 2, Figure 6 ). SiO is generated according to:
The generated gaseous and unstable (metastable) SiO rises to an intermediate height (zone 3) and reacts with more C to give SiC according to: SiO is generated according to:
The SiC descends to the hot zone of the oven (zone 1; Figure 6 ) and with remaining quartz generates Si:
For the good performance of the oven, it is critical to capture the generated CO, otherwise the yield of the furnace decreases significantly. To recover this CO there is only one mechanism, in the upper part of the oven (zone 4): Aluminum and calcium content can be significantly reduced by oxidation in the refining ladle (slag or gas treatment-see above) while the level of iron and the other transition metals depend ultimately on the purity of the quartz and the type of coal used. It is possible to mix several types of quartz and reductants in the feeding charge to tailor the final composition of the metallurgical grade silicon (with less than 0.2% ppmw of impurities) more suitable as starting point of the purification process.
Silicon Purification
For photovoltaic purposes, the MeG-Si must be purified either by direct (metallurgical treatment) or indirect (chemical treatment) route [22] . Regarding the FerroSolar UMG process, MeG-Si has been used as a starting material. As mentioned in the previous section, the characteristics of MeG-Si are established standards in the market. An oversimplified description of the process selected by FerroSolar is depicted in Figure 7 .
For the good performance of the oven, it is critical to capture the generated CO, otherwise the yield of the furnace decreases significantly. To recover this CO there is only one mechanism, in the upper part of the oven (zone 4):
The product is traditionally called silicon metal or metallurgical grade silicon MeG-Si. The chemical characteristics of the MeG-Si traded in the market, fall within the following ranges:
• Metals (principally Fe, Al, Ca followed by Ti, Mn and traces of transition metal): 1 to 4% • Boron: 8-50 ppmw • Phosphorus: 10-50 ppmw Aluminum and calcium content can be significantly reduced by oxidation in the refining ladle (slag or gas treatment-see above) while the level of iron and the other transition metals depend ultimately on the purity of the quartz and the type of coal used. It is possible to mix several types of quartz and reductants in the feeding charge to tailor the final composition of the metallurgical grade silicon (with less than 0.2% ppmw of impurities) more suitable as starting point of the purification process.
For photovoltaic purposes, the MeG-Si must be purified either by direct (metallurgical treatment) or indirect (chemical treatment) route [22] . Regarding the FerroSolar UMG process, MeG-Si has been used as a starting material. As mentioned in the previous section, the characteristics of MeGSi are established standards in the market. An oversimplified description of the process selected by FerroSolar is depicted in Figure 7 . 
Slagging
Silicon produced through carbothermic reduction of quartz contains about 99% of Si, with Fe, Al, Ca, Ti, C and O being the most common impurities. The less noble elements, e.g. Al and Ca, can be significantly removed by oxidation (see refining of MeG-Si above). Fe and the transition elements are not affected by oxidation. These can be efficiently removed by directional solidification (DS), which also impacts, although to a lesser degree, to other elements. Boron and phosphorus are present in tens of ppmw in MeG-Si. Since these elements are respectively p and n silicon dopants, they must be closely controlled in solar grade silicon. Unfortunately, both impurities are difficult to remove by traditional purification routes such as directional solidification or acid leaching, due to their large segregation coefficients KB = 0.8 and KP = 0.35 [23] . Therefore, several alternative methods have been studied and developed to remove boron such as slag refining [24, 25] plasma refining [26] , and gas refining [27, 28] .
Slag refining is well established in many metallurgical processes and can be operated on a large industrial scale. This represents a great advantage over other boron removal methods that are not easily scalable. Most of the known slag-forming composition include binary, such as CaO-SiO2, ternary CaO-Al2O3-CaO, CaO-MgO-SiO2, CaO-Na2O-SiO2, Al2O3-BaO-SiO2, and even quaternary compositions as Al2O3-CaO-MgO-SiO2 [29] .
In slag refining, metallurgical grade silicon is melted in contact with a slag-forming compound. In case of boron the basic principle of slag purification is the oxidation of boron at the Si/Slag interface, Figure 7 . Descriptive sketch of the purification process at FerroSolar.
Silicon produced through carbothermic reduction of quartz contains about 99% of Si, with Fe, Al, Ca, Ti, C and O being the most common impurities. The less noble elements, e.g. Al and Ca, can be significantly removed by oxidation (see refining of MeG-Si above). Fe and the transition elements are not affected by oxidation. These can be efficiently removed by directional solidification (DS), which also impacts, although to a lesser degree, to other elements. Boron and phosphorus are present in tens of ppmw in MeG-Si. Since these elements are respectively p and n silicon dopants, they must be closely controlled in solar grade silicon. Unfortunately, both impurities are difficult to remove by traditional purification routes such as directional solidification or acid leaching, due to their large segregation coefficients K B = 0.8 and K P = 0.35 [23] . Therefore, several alternative methods have been studied and developed to remove boron such as slag refining [24, 25] plasma refining [26] , and gas refining [27, 28] .
Slag refining is well established in many metallurgical processes and can be operated on a large industrial scale. This represents a great advantage over other boron removal methods that are not easily scalable. Most of the known slag-forming composition include binary, such as CaO-SiO 2 , ternary CaO-Al 2 O 3 -CaO, CaO-MgO-SiO 2 , CaO-Na 2 O-SiO 2 , Al 2 O 3 -BaO-SiO 2 , and even quaternary compositions as Al2O 3 -CaO-MgO-SiO 2 [29] .
In slag refining, metallurgical grade silicon is melted in contact with a slag-forming compound. In case of boron the basic principle of slag purification is the oxidation of boron at the Si/Slag interface, followed by the dissolution of the oxidized boron in the slag phase. B as impurity to silicon can be oxidized to BO, B 2 O, B 2 O 3 , BO 2 , and B 2 O 2 (g). Thermodynamics of boron removal with slags have been studied in great detail. Most of these studies focused on the calculation and optimization of the equilibrium conditions between Si and slag. In general, the efficiency of boron removal from silicon is increased with increasing temperature and with slag basicity. Depending on slag composition, boron removed from silicon can remain concentrated in the slag or volatilized to the atmosphere as gaseous compounds. The general principle for plasma refining and gas refining is essentially the same, oxidation of boron to gaseous compounds at high temperature, and volatilization of said compounds to the atmosphere. The first step of this UMG process includes a reactive slagging treatment, capable of decreasing boron content in silicon to below 0.2 ppmw.
Vacuum Refining
As mentioned above, a major challenge in silicon purification through metallurgical routes is the removal of phosphorus. Vacuum refining can be considered as an alternative purification route in which the volatile impurities, such as phosphorus, are effectively removed.
From a thermodynamics point of view, the principle of an effective removal of impurities from a liquid metal under vacuum at elevated temperature is the difference of the respective vapor pressure between the metal to be refined and the impurities. According to this approximation, dissolved impurities with higher vapor pressure than silicon are expected to evaporate away.
Thermodynamics alone is not enough, since the evaporation of an impurity may be too slow to proceed practically. Therefore, the evaporation of phosphorus must be studied also from a kinetic point of view. Depending on experimental conditions, phosphorus evaporates as P 4 (g), P 2 (g) and P(g). In metallurgical grade silicon, evaporation as P(g) becomes dominating at concentrations of phosphorus below 50 ppmw and high temperatures [30, 31] . Under these conditions, evaporation follows a first order reaction:
[
where [P] and [P] i are, respectively, the final and initial phosphorus concentration in silicon, A is the surface area of the melt (m 2 ), V is the volume of the melt (m 3 ), K p is the evaporation rate constant (m/s) and t is the time (s). Detailed studies on reaction mechanism concluded that the removal of phosphorus from silicon occurs through five steps: (i) transport of phosphorus close to the surface of the melt; (ii) transport of phosphorus to the surface through the interface layer; (iii) evaporation at the melt surface; (iv) mass transport of gaseous phosphorus and (v): condensation of phosphorus [32, 33] . Several silicon recycling treatments under vacuum at high temperatures have been conducted during the last few years at FerroSolar´s pilot plant in Sabon (Spain), in a graphite resistance furnace [34] . 490 kg of silicon with a starting phosphorus concentration of 3 ppmw were treated in each run, in high density isostatic graphite crucibles. The goal of these experiments was to check the influence of experimental parameters on the efficiency of phosphorus removal. Internal pressure in the furnace was maintained in the range 0.1-0.3 Pa throughout the treatment. As a result of these vacuum treatments, concentration of phosphorus in purified silicon was in the range of 0.1-0.2 ppmw, and mass transfer coefficients of up to 7 × 10 −5 m/s.
As expected, increasing treatment temperature resulted in increased evaporation rates. Process temperature has been stabilized within the range 1600-1700 • C. Although higher temperatures lead to faster evaporation rates, they would have a detrimental effect on the lifetime of the different components of the furnace, thus a compromise between temperature and process time has been reached to optimize the production costs, in which the lifetime of the components have been also considered in the calculation. These results are in good agreement with the kinetic model in which phosphorus removal rate is controlled by the reaction at the interface and the mass transport in the gas phase.
Directional Solidification
Directional solidification is an essential step to obtain solar grade silicon. The basis of the process is the equilibrium established between the concentration of an impurity in the solid and liquid silicon. As a consequence of the general tendency of impurities to concentrate in liquid silicon, high purity solid silicon is obtained in an economical feasible way.
Segregation of each impurity is given by its own segregation coefficient, which is the ratio between the equilibrium concentrations of the element in solid and liquid silicon. The lower the coefficient, the better the purification. Most of the impurities in silicon have segregation coefficients <<<1, with the exception of boron and phosphorus [35] .
From a practical point of view, the requirements for an efficient directional solidification are twofold: low solidification rate and homogeneous solidification front. UMG process includes directional solidification as refining method to remove most of the metallic impurities contained in the starting MeG-Si. It is worth noting that the process makes use of a non-conventional directional solidification, different from commercial multicrystalline ingot techniques and therefore with lower costs and higher throughput. At the end of the purification process, the material characteristics are the following:
• P-type silicon bricks and chunks B < 0.2 ppmw P = 0.1-0.3 ppmw (the concentration of P is tuned to compensate the boron) •
[Me] < 0.5 ppmw (Me being Fe, Al, transition, alkaline and alkaline earth elements).
Ingot Growing and Wafering
P-type high performance multi-crystalline ingots (HPMC) were grown in industrial-scale DS furnaces (GT450, adapted to grow HPMC ingots) in this trial [36] . An advantage of the UMG-Si feedstock is that it is mainly in the form of bricks (compared to the chunks coming from the chemical route). This allows a much higher crucible filling that can be translated into 20% cost reduction for ingot growing.
The heaters provide heat to the hot-zone, in which the heat is preserved by the insulation. The heat exchange block was installed below the crucible to take heat away from the hot-zone. The flowing inert argon gas was applied to purify the growth environment in the furnace. 650 kg UMG-Si material were loaded into the crucible on a layer of silicon seeds. Additionally, small quantities of dopants were added to ensure resistivity ranging from 1.0 to 3.0 Ω·cm. The crucible with inner dimensions of (890 × 890 × 540) mm was covered with silicon nitride coating to prevent sticking and impurity dissolution. The used silicon seeds were polysilicon chips with average size 1 mm, the height of the seed layer was about 20 mm (Figure 8a ). 
Solar Cells Production
Al-BSF Cells
Approximately 100,000 wafers were sent to a Tier-1 solar cells producer, also responsible for module manufacturing. The wafers, after passing the initial incoming material inspection, were introduced into the production line.
Aluminum Back Surface Field (Al-BSF) solar cells were produced in a conventional production line, where no adjustment was made for adjusting the production parameters of the machines to the peculiarities of the incoming UMG-Si wafers. So, it is reasonable to expect a certain improvement of efficiency and yield in case the recommendable fine-tuning of the line to a new provider would be performed. The process is depicted in Figure 9 , and consists of the following steps:
1. The first stage consists in a nitric and hydrofluoric acid etching for surface cleaning, saw damage removal and texturing. During the melting process, the temperature gradient and melting process were well controlled to preserve the silicon seed crystals with an un-melted height of about 10 mm.
The growing HPM technique was applied for obtaining specific structure with small grains and with random orientation along the ingot height. After the completion of solidification and cooling, each silicon ingot was cut into 25 bricks with a square area of (156.75 × 156.75) mm.
The bricks were polished and controlled by standard procedures. Inclusions and un-melted seeds were identified using the Intego Orion IR block inspection system. Lifetime measurements were done with the Semilab WT-2000D. The ingot lifetime was above 5 µs (Figure 8b ).
Growing yield were on the same level compared with usual polysilicon ingots. Later the bricks were cut into wafers by two different methods: (a) slurry-based sawing obtaining wafers with average thickness of 195 µm, and (b) diamond wire sawing (DWS) obtaining wafers with average thickness of 180 µm. State-of-the-art 70 µm diamond wire was used to guarantee the surface quality. Yield of sawing was on the same level compared with usual polysilicon bricks for both sawing methods.
Solar Cells Production
Al-BSF Cells
The first stage consists in a nitric and hydrofluoric acid etching for surface cleaning, saw damage removal and texturing. 2.
The wafers are placed back to back to be introduced into quartz furnaces to perform a Low Pressure Chemical Vapor Deposition (LPCVD) of a thin film of phosphosilicate glass (PSG) composed of (P 2 O 5 ) x (SiO 2 ) 1−x . 3.
In the next step the diffused phosphorus from the back side is removed. For that, a back side chemical etching is performed, followed by a rinse in another chemical etching to achieve the edge isolation and avoid the edge shunts.
4.
Annealing is a pre-treatment process prior to antireflective coating (ARC) of silicon nitride. In this short process a thin film of silicon dioxide is deposited to increase the Potential Induced Degradation resistance of the solar cell, what is commercially called PID free solar cells [37] .
5.
Antireflective Coating (ARC). Silicon nitride (SiN x :H) coating of approximately 75 nm thick is deposited on the front surface by means of a Plasma Enhanced Chemical Vapor Deposition reactor (PECVD) to increase light absorption. This coating is also suited for surface passivation due to the field effect passivation [38] . The Hydrogen present in the silicon nitride coating is also involved in a chemical passivation [39] . 6.
Front and rear contacts as well as the Aluminum coating responsible for the Back Surface Field (BSF) formation are printed in a double printing process, saving Ag consumption and reducing the shadow losses [40] . 7.
Co-firing furnace is used to make the drive through of the contacts [41] . 8.
In the last step of the solar cells production, the solar cells undergo an electroluminescence test (EL test) [42] where a defect detection software is used. 
Black Silicon + PERC Cells
45,000 wafers (DWS) were sent to another and independent solar cell producer. The technology used in this case was black silicon + PERC as depicted in Figure 10 . ,000 wafers (DWS) were sent to another and independent solar cell producer. The technology used in this case was black silicon + PERC as depicted in Figure 10 . [44, 45] . In this test, an Al2O3 film is deposited onto the back surface, acting as a passivating agent. After the oxide deposition, a capping layer of silicon nitride was deposited. The role of this capping layer is to behave as a back reflector for long wavelength radiation as well as being a barrier for Al metal contacts. Also, this silicon nitride reduces the surface recombination velocity due to its negative charge [46] . Both films were deposited by means of PECVD. 8) Laser Contacts Opening. Backside openings through the passivation stack were made by a nanosecond pulsed laser. 9) To minimize the light at elevated temperature degradation (LeTID) [14] [15] [16] a post-treatment of the cells is performed. 
PV Modules Production
The modules manufacturing has followed a standard production process ( Figure 11 ). The same bill of materials (BOM) and production line were used for both, UMG-Si and polysilicon solar cells. Besides the common production steps of Al-BSF process, mentioned above, the following additional processes are introduced to obtain black silicon + PERC solar cells:
2) Black silicon (B-Si) nano-texture. The technology used to provoke a nano-texture on top of the wafer is reactive ion etching (RIE). SF 6 and O 2 gases are introduced into the reaction chamber. In there, a synergetic mechanism of chemical etching, passivation and ion bombardment takes place, thus, nano-structures are formed reducing considerably the reflectance of the wafer [10, 43] . 6) Back surface passivation. To reduce the back surface recombination a passivation layer is deposited in the back surface which gives name to the passivated emitter and rear cells (PERC) [44, 45] . In this test, an Al 2 O 3 film is deposited onto the back surface, acting as a passivating agent. After the oxide deposition, a capping layer of silicon nitride was deposited. The role of this capping layer is to behave as a back reflector for long wavelength radiation as well as being a barrier for Al metal contacts. Also, this silicon nitride reduces the surface recombination velocity due to its negative charge [46] . Both films were deposited by means of PECVD. 8) Laser Contacts Opening. Backside openings through the passivation stack were made by a nanosecond pulsed laser. 9) To minimize the light at elevated temperature degradation (LeTID) [14] [15] [16] a post-treatment of the cells is performed.
The modules manufacturing has followed a standard production process ( Figure 11 ). The same bill of materials (BOM) and production line were used for both, UMG-Si and polysilicon solar cells. 
Results and Discussion
After several tests at a small production scale with good results [47] , a mass production test was performed with the solar silicon generated in its direct purification process. For that, several tons of silicon were used to grow multicrystalline HPM silicon. Then the wafers were sent to two different Tier-1 solar cell and module producer, where both Al-BSF and B-Si + PERC modules were produced. The results of the cells and modules had to be compared with those obtained with polysilicon base material. For sake of external and independent audition, all the production steps throughout the whole value chain, from silicon purification to module production, were inspected by the TÜV Rheinland. One inspector from TÜV has been accompanying the technicians in all the production lines to check the production of the material and that the incoming raw material of one production line were the same that outwent from the previous production line. Thus, the whole process and material tracking was certified by an external auditor [21] .
Since different companies have different cell to module losses (CTM losses) depending on the Figure 11 . Descriptive sketch PV module production.
Since different companies have different cell to module losses (CTM losses) depending on the bill of materials (BOM), module design and manufacturing procedure [48, 49] , only the solar cells results will, in the following, be compared with those obtained with polysilicon. In any case, as an example, the average module performances are reported in Table 1 (only data for 72 cells modules are shown). As it is shown in Table 2 , the highest efficiency was obtained with B-Si + PERC (as expected). The average efficiency is (20.4 ± 0.6) % and the record efficiency 20.76 % (not shown in the table). As previously emphasized, no tune of parameters of production lines was done to perform these tests. Considering that UMG Solar Grade Silicon is a new material on the market and characteristics are somehow different from the main stream silicon feedstock (mainly the dopants concentration), the authors consider these results to be very encouraging. Similar tests were carried out with the same silicon but using only metal catalyzed chemical etching (MCCE) nano-texturization [50] , but to the best of our knowledge, the present results show a record efficiency for p-type multicrystalline UMG-Si solar cells. Moreover, the yield, in terms of breakage and rejection, is the same for both type of materials (polysilicon and UMG-Si).
Considering the comparison with polysilicon material, for which Grade I solar silicon (according SEMI PV17-0611 2011 classification) has been used (B < 0.00038 ppmw, P < 0.00110 ppmw), the mass production test with Al-BSF gives a loss of power of 0.68% rel less than the power obtained with polysilicon wafers. In the case of B-Si + PERC the loss of power is higher, 1.37% rel . This is in concordance with the architecture of cell used. In PERC solar cells, due to the back surface passivation, the surface recombination velocity is considerably reduced, thus the bulk lifetime becomes a more influencing parameter than in the case of Al-BSF solar cells [51] . UMG-Si material, although inside specifications, is expected to contain more contaminants than polysilicon. So, the bulk lifetime, in average, is likely to be lower in UMG-Si PERC solar cells. Lower bulk lifetime is translated into lower Voc, which is the case for this silicon. However, the Voc for UMG cells is only 0.38% rel less than that for polysilicon cells. Meanwhile Isc is almost 1% rel lower, which suggests a detrimental effect more related to light trapping (B-Si or ARC processes) than to bulk lifetime. Moreover, Bredemeier et al. [14] , in their LeTID study of the recovery, conjectured that the "regeneration conditions need to be adapted to the mc-Si used". All of this makes more important the tuning of the production parameters to enhance impurity gettering, bulk defects passivation and light trapping in UMG-Si solar cells.
In Figure 12 the efficiency distribution of solar cells is shown. In case of solar cells made of UMG-Si the left tail of the distribution is more pronounced than in polysilicon. This tail contributes to reduce the average down to 20.1%. However, the distribution presents the same mode both, for cells made of UMG-Si and polysilicon. Thus, working on defects engineering, passivation and production parameters, the average efficiency of UMG-Si can therefore be at par with polysilicon.
bulk lifetime, in average, is likely to be lower in UMG-Si PERC solar cells. Lower bulk lifetime is translated into lower Voc, which is the case for this silicon. However, the Voc for UMG cells is only 0.38%rel less than that for polysilicon cells. Meanwhile Isc is almost 1%rel lower, which suggests a detrimental effect more related to light trapping (B-Si or ARC processes) than to bulk lifetime. Moreover, Bredemeier et al. [14] , in their LeTID study of the recovery, conjectured that the "regeneration conditions need to be adapted to the mc-Si used". All of this makes more important the tuning of the production parameters to enhance impurity gettering, bulk defects passivation and light trapping in UMG-Si solar cells.
In Figure 12 the efficiency distribution of solar cells is shown. In case of solar cells made of UMGSi the left tail of the distribution is more pronounced than in polysilicon. This tail contributes to reduce the average down to 20.1%. However, the distribution presents the same mode both, for cells made of UMG-Si and polysilicon. Thus, working on defects engineering, passivation and production parameters, the average efficiency of UMG-Si can therefore be at par with polysilicon. This paper has presented a mass production test that involves the whole value chain from quartz mineral to PV in field module. The material traceability from purification to modules was carried out and certified by TÜV Rheinland. The results of the test in terms of yield and electrical parameters are close to polysilicon. To keep improving the performance, the research should continue in different directions:
At the purification level, several improvements are being developed at the laboratory scale. Management, valorization and recycling of byproducts such as silicon fines, silica, etc. are giving auspicious results. Another important step forward is the promising results in the increasing of the throughput and the reduction of energy budget. This paper has presented a mass production test that involves the whole value chain from quartz mineral to PV in field module. The material traceability from purification to modules was carried out and certified by TÜV Rheinland. The results of the test in terms of yield and electrical parameters are close to polysilicon. To keep improving the performance, the research should continue in different directions:
At the purification level, several improvements are being developed at the laboratory scale. Management, valorization and recycling of byproducts such as silicon fines, silica, etc. are giving auspicious results. Another important step forward is the promising results in the increasing of the throughput and the reduction of energy budget.
At the cell level, ePDG, Black Silicon and passivation are being studied. Aurinka and FerroSolar are involved in a project with other research institutions to apply these techniques to our silicon and other potential UMG-Si. Parameters such as surface roughness, PSG conformality, phosphorus diffusion temperature, drive-in time, co-firing temperature, etc., must be very well matched in order to achieve the best performance.
Module degradation (after more than 3 years of outdoors operation [52] ) and temperature coefficients [53] have been already studied. The modules made of UMG-Si showed no additional degradation compared with polysilicon modules, meanwhile the power thermal coefficient of modules made of UMG-Si resulted to be lower than that of polysilicon modules. Further studies are being carried out with modules resulting from this manufacturing test. So far only data for Al-BSF modules is available: after one 46 days of outdoors installation, modules made of UMG-Si showed similar degradation than those made of polysilicon. FerroSolar will continue to monitor all multicrystalline modules produced in the test and further work will be carried out on single-crystal growing with 100% UMG silicon usage.
